Photoelectron spectroscopic study of iron-pyrene cluster anions J. Chem. Phys. 135, 204301 (2011) Lowest-energy structures and electronic properties of Na-Si binary clusters from ab initio global search J. Chem. Phys. 135, 184305 (2011) Electron interaction with nitromethane embedded in helium droplets: Attachment and ionization measurements J. Chem. Phys. 135, 174504 (2011) Geometry optimization of bimetallic clusters using an efficient heuristic method J. Chem. Phys. 135, 164109 (2011) Solvation effects on angular distributions in H(NH3)n and NH2(NH3)n photodetachment: Role of solute electronic structure J. Chem. Phys. 135, 164301 (2011) Additional information on J. Chem. Phys. First-principles density-functional theory studies have reported open structures based on the formation of double simple-cubic (DSC) arrangements for Ru 13 , Rh 13 , Os 13 , and Ir 13 , which can be considered an unexpected result as those elements crystallize in compact bulk structures such as the face-centered cubic and hexagonal close-packed lattices. In this work, we investigated with the projected augmented wave method the dependence of the lowest-energy structure on the local and semilocal exchange-correlation (xc) energy functionals employed in density-functional theory. We found that the local-density approximation (LDA) and generalized-gradient formulations with different treatment of the electronic inhomogeneities (PBE, PBEsol, and AM05) confirm the DSC configuration as the lowest-energy structure for the studied TM 13 clusters. A good agreement in the relative total energies are obtained even for structures with small energy differences, e.g., 0.10 eV. The employed xc functionals yield the same total magnetic moment for a given structure, i.e., the differences in the bond lengths do not affect the moments, which can be attributed to the atomic character of those clusters. Thus, at least for those systems, the differences among the LDA, PBE, PBEsol, and AM05 functionals are not large enough to yield qualitatively different results.
I. INTRODUCTION
Recently, well designed experimental studies have shown that subnanometer particles (clusters) composed of few metal atoms can play an important role in catalysis. [1] [2] [3] For example, aluminum cluster anion (Al − 17 ) can produce H 2 from the addition of multiple water molecules; 2 platinum clusters (Pt 8 ) supported on Al 2 O 3 are 40-100 times more active for oxidative dehydrogenation of propane than Pt/vanadium catalyst. 3 Thus, these results indicate that metal clusters can contribute to the development of industrial catalysis, 4 however, the challenges to obtain an atomistic understanding are complex. For example, a good cluster catalyst can abruptly turn down its performance upon a small change in the atomic structure, e.g., size change by adding or removing few atoms, 5, 6 shape change, 7 ligands, 7 oxide support, which directly affects its reactivity. A large number of studies have been performed (see Refs. 8-10 and references therein), however, nowadays, the atomic structure of clusters and its dependence with the environment can still be considered as one of the main problems to be solved to obtain a better atomistic understanding in subnano catalysis. a) Electronic mail: mauriciomjp@gmail.com. b) Electronic mail: paulo.piquini@ufsm.br. c) Electronic mail: odashima@mpi-halle.de. d) Author to whom correspondence should be addressed. Electronic mail:
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Several experimental techniques, e.g., vibrational spectroscopy, 11 x-ray absorption spectroscopy, 12 photoelectron spectroscopy, 13, 14 Stern-Gerlach like experiments, 15 have been used to characterize cluster properties, however, there are great difficulties to obtain the atomic structure (positions) of clusters directly. 8, 9 Thus, theoretical approaches based on empirical pair-potentials, 16 semiempirical approaches such as the tight-binding method, 17, 18 and firstprinciples calculations (see Refs. 10 and 19, and references therein) have been used to obtain the atomic structure of clusters, as well as its structure evolution with size. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] However, even theoretical approaches face great challenges: (i) The number of local minimum configurations increase almost exponentially with the number of atoms. 9 (ii) Atomic pair-potentials combined with basin-hopping Monte Carlo (BHMC) (Refs. 16 and 32) algorithms are efficient to obtain the global minimum energy structures at low computational cost, however, pair-potentials have difficulties to provide a reliable description of transition-metal (TM) nanoparticles. 33, 34 (iii) The combination of BHMC with density-functional theory (DFT) is still computationally very expensive and restricted for systems with few atoms. 35, 36 (iv) Limitations in the local 37 and semilocal 38 exchange-correlation (xc) functionals in DFT, e.g., the self-interaction problem, 39 might affect particular properties as it does for bulk systems. [40] [41] [42] Almost all the TM elements crystallize in compact structures, namely, face-centered cubic (fcc), body-centered cubic, and hexagonal close-packed (hcp). 43 Thus, it is 13 ), e.g., Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Lu, Hf, Ta, and Hg, while slightly less compact structures, e.g., hexagonal bilayer (HBL), have been found for Co, Tc, and Re. 10, 19, 31, [47] [48] [49] However, recent calculations have identified the formation of open structures with simple-cubiclike shape for few systems, e.g., Ru 13 , Rh 13 , Os 13 , and Ir 13 . 10, 19, 26, 29, 47, 50 Those open structures are composed by the stacking of two simplecubic units (12 atoms), i.e., double simple-cubic (DSC), with the 13th atom added on one of the faces or corners of DSC, Fig. 1 . 10, 19, 26, 50 The effective coordination number (ECN) ranges from 3.30 to about 4.00, 10 which is smaller than the result obtained for ICO (ECN = 6.46). 10 Thus, based on structural analysis, the DSC-like configuration can be considered as an unexpected atomic configuration, since all the Ru, Rh, Os, and Ir systems crystallize in the fcc or hcp structures. Recently, Piotrowski et al. 10 reported a DFT study of the 3d, 4d, and 5d TM 13 clusters, calculating about 50 configurations for Ru, Rh, Os, and Ir, including compact (ECN = 6.46), open (ECN = 3.00), and intermediate structures, but none of the calculated configurations could yield lower energy than DSC.
Among the known factors that can influence the quality of DFT calculations, one of the most important one is the approximation used to describe the xc functional. Although PBE is a successful functional, correcting a large part of the localdensity approximation (LDA) (Ref. 37 ) overbinding, PBE commonly overestimates structural parameters by almost the same magnitude as the LDA functional underestimates. More recently, a new generation of generalized gradient approximations (GGA) were proposed with the aim to improve the structural properties of solids while preserving the computational costs of semilocal functionals. Among them, two were particularly designed to fulfil solid and surface constraints, namely, the Armiento-Mattsson 51 (AM05) formulation and the modified PBE for solids 52 (PBEsol). Both PBEsol and AM05 functionals are expected to provide a better description than LDA and PBE. 53, 54 Although some of the limitations of the recent semilocal formulations have been discussed, 55, 56 the surface-oriented character of these two functionals may be particularly interesting for the study of TM clusters. To our best knowledge, AM05 or PBEsol have not been assessed yet in TM clusters.
Therefore, in this work, we will investigate the performance of the PBEsol and AM05 functionals to describe the properties of the Ru 13 , Rh 13 , Os 13 , and Ir 13 clusters. For comparison, calculations will be also performed employing the LDA (Ref. 37 ) and PBE (Ref. 38) functionals. In order to obtain a good understanding of the performance of those functionals for clusters, and investigate the occurrence of the open DSC-like structures, we will calculate the relative total energies, total and local magnetic moments, average bond lengths, and average coordination numbers for TM 13 clusters. Beyond the cluster calculations, we calculated the bulk properties of the respective systems.
II. THEORETICAL APPROACH AND COMPUTATIONAL DETAILS
Our calculations are based on spin-polarized DFT 57, 58 calculations employing the LDA, 37 PBE, 38 PBEsol, 52 and AM05 51 to describe the xc energy functionals. The PBEsol has the same analytical form as in the PBE functional, but, two of its parameters are chosen to reproduce accurate values of the surface xc energy of jellium, and recover the second-order gradient expansion for exchange (relevant for the slowly varying density regime, such as valence electrons in densely packed solids). Differently from PBE and PBEsol, the AM05 functional was constructed from a subsystem functional approach 59 and specifically designed to treat systems with electronic surfaces, with an interpolation scheme that combines the Airy gas 60 and uniform electron gas. The Kohn-Sham equations were solved using the allelectron projected augmented wave method, 61, 62 as implemented in the Vienna ab initio simulation package (VASP). 63, 64 For the LDA, PBE, and PBEsol calculations, the following plane-wave cutoff energies were employed: 230 (Ru), 271 (Rh), 228 (Os), and 210 eV (Ir). However, higher cutoff energies were required for the AM05 calculations, e.g., 460 (Ru), 542 (Rh), 456 (Os), and 420 eV (Ir), which is due to the convergence instability generated by the large number of gradients and the vacuum region, 65, 66 i.e., the instabilities are not present for bulk calculations. Thus, at least for TM clusters, AM05 has a higher computational cost than PBE and PBEsol functionals.
The equilibrium volumes were obtained by minimizing the atomic forces and the stress tensor using the following 
where E bulk/clusters tot is the total energy per atom for the bulk and cluster, respectively, while E freeatom tot is the total energy of the free atom calculated using an orthorhombic structure.
III. RESULTS

A. Bulk properties
The lattice constants (a 0 , c 0 ) and cohesive energies, E coh , are summarized in Tables I and II, which are in excellent  agreement with experimental values, 43 with errors smaller than 1.3% for all functionals. We obtained the expected trends for the LDA and PBE functionals, 38, 41, 54, 67, 68 i.e., LDA un- 
B. Cluster TM 13 properties
To perform this study, we selected the most representative structures reported so far for TM 13 10, 19, 26, 29, 47, 50 which are indicated in Fig. 1 by their respective names. Although this particular set of atomic configurations is limited, it contains all representative structures observed for all 3d, 4d, and 5d TM 13 , 10, 19 which includes compact, planar, and open structures.
Binding energies and relative total energies
The binding energies, E b , are summarized in Table II and the relative total energies, E tot , are shown in Fig. 2 in the range of 65.62%-70.13%. Our results indicate that most of the relative errors are related with the description of the free-atoms, since all functionals yield a very similar proportion of the cluster to the bulk total energies. Using this factor (67.4%), we can estimate the experimental binding energy per atom of TM 13 using the experimental bulk values, 43 which results in −4.54, −3.88, −5.51, and −4.68 eV for the Ru 13 , Rh 13 , Os 13 , and Ir 13 , respectively. As far as the relative stability of the different cluster configurations are concerned, we found the following results:
Thus, all xc functionals energetically favors the open DSC-like configuration for Ru 13 , Rh 13 , Os 13 , and Ir 13 instead of compact configurations, and hence, these results confirm previous studies. 10, 19, 49, 72 
Structural analysis
In this work, we will employ the effective coordination concept, 73, 74 which yields the average effective coordination number, ECN, and the average weighted bond lengths, d av , Fig. 2 . 10, 34, 75 It can be seen that all functionals yield the same ECN for a particular atomic configuration. We observed that the stability increases as the ECN decreases, and hence, the lowest energy DSC-like structures have the smallest ECN values. In contrast with ECN, the results for d av show a clear dependence with the functionals, which is expected from our bulk calculations. PBE yields the largest average bond lengths, while LDA/AM05 yields the smallest ones, which is consistent with our bulk calculations. Our PBEsol values are in between the LDA/AM05 and PBE results. We would like to point out that there is no available experimental result for the average bond lengths.
The average bond lengths for the bulk, ICO, and LOW configurations are summarized in Table III . It can be clearly seen that the bond length of the ICO configuration is smaller than the bond length in the bulk phase by about 2.21-4.83% for all functionals and systems. For LOW, we observed even smaller bond lengths, e.g., from 9.93% to 12.22%, which is related with the smaller coordination of the LOW configurations, i.e., smaller coordination implies shorter bond lengths. 47 
Magnetic properties
It has been widely known that Ru, Rh, Os, and Ir are nonmagnetic at their ground state bulk structures, 43 which was confirmed by our calculations. However, the TM 13 clusters show large total magnetic moments, Fig. 2 , which is consistent with previous experimental 15 , 76 and theoretical (12.18) studies. We found that all functionals yield the same total magnetic moment, m T , for a particular configuration and system, and hence, the differences in the functionals construction, in particular for AM05, do not play an important role in the magnitude of m T , at least for these clusters. We would like to point out that the LDA calculations were performed using the flag VOSKOWN = 1 in VASP, in order to run spinpolarized LDA using the accurate interpolation of Vosko, Wilk, and Nusair. 78 Otherwise, slightly smaller total magnetic moments are obtained.
As can be seen from Fig. 2 , there is a clear dependence of m T as a function of the cluster structure, however, there is no clear trend as a function of ECN. For Ru 13 , Rh 13 , and Ir 13 , m T is larger (smaller) for compact (open) structures such as the ICO and CUB (DSC), except for Os 13 . The magnitude of m T for the LOW structures is substantially smaller than for TM 13 clusters of magnetic systems, e.g., Fe 13 , Co 13 , Ni 13 . 31, 48, 79, 80 Furthermore, we would like to mention that two different atomic configurations with similar total energies can have very different magnetic moments, e.g., for Ir 13 , BBP, and HBL differ by about 0.20 eV for all functionals, while we obtained m T = 3.0 μ B for BBP and m T = 11.0 μ B for HBL. Thus, these results indicate that particular discrepancies among different DFT calculations employing local or semilocal functionals cannot be directly attributed to the functionals themselves, i.e., they are most likely related with differences in the atomic structures.
As previously reported in the literature, 10 ICO 13 . Thus, it looks that compact structures are unable to explain these experimental results. In order to investigate this problem further, we performed fixed magnetic moment PBE geometric optimizations for the DSC and ICO configurations for Rh 13 . We found that configurations with m T = 3 μ B (ferrimagnetic) and 9 μ B (ferromagnetic) yield almost the same energy for DSC, while for ICO, we found similar energies for m T = 15-21 μ B yield almost the same energy.
IV. SUMMARY
In this work, we reported DFT calculations within the local (LDA) and semilocal (PBE, PBEsol, AM05) functionals, of the binding energies, relative total energies, total magnetic moments, bond lengths, and coordination numbers for the Ru 13 , Rh 13 , Os 13 , and Ir 13 clusters. To the best of our knowledge, there are no systematic studies of the performance of the PBEsol and AM05 for TM 13 clusters, and hence, this work provides important insights into the performance of these recent functionals. Although the four chosen functionals were constructed including different nonempirical constraints and paradigms see Sec. II, with different locality levels, we found that they provide essentially the same trends and results for all calculated properties. In particular, they yield the open DSClike configuration as the lowest energy structures, confirming previous PBE results. However, from our understanding, these findings do not close the question about the unexpected open structures for TM 13 . Our results only show that the differences in the local (LDA) and semilocal (PBE, PBEsol, AM05) formulations are not significant to lead to contrasting structural predictions for systems such as Ru 13 , Rh 13 , Os 13 , and Ir 13 . The same cannot hold for other systems such as bulk iron, for which the same functionals yield very different ground states phases. Therefore, we expected that more sophisticated formulations, which include nonlocal functionals or quantum Monte Carlo calculations can address the cluster atomic structure problem. 
